INTRODUCTION
The envelope glycoproteins of HIV-1, HIV-2 and simian immunodeficiency virus (SIV) are synthesized in the form of precursors gp160 for HIV-1 and gp140 for HIV-2 and SIV. The precursors are then cleaved, primarily at the trans-Golgi level, to external glycoproteins and transmembrane glycoproteins [1] . One or several cellular endoproteases are responsible for this cleavage, yielding mature viral-envelope glycoproteins : gp120 and gp41 in the case of HIV-1. Glycoproteins gp120 and gp41 are present on the surface of viral particles and infected cells as oligomers linked by non-covalent bonds [2] . As a result of its high affinity to CD4 receptors (K d l 10 V * M) [3] , gp120 is responsible for the tropism of the virus for CD4 [4] present on the surface of T4 lymphocytes, monocytes and macrophages and for co-receptors CXCR4 and CCR5 [5] [6] [7] . The gp120-CD4 interaction is followed by a conformational change of gp120 and gp41 that results in exposure of the hydrophobic N-terminal extremity of gp41 [8] . This mediates fusion between the virus and the host cell membranes [9] .
Proteolytic activation of viral-envelope glycoprotein precursors by cellular endoproteases is a required step for the activation of viruses. This has been shown for Sendai virus protein F [10] and avian influenza virus haemagglutinin glycoproteins [11] . Results of work on Newcastle virus [12] , Rous Sarcoma virus [13] and other viruses have shown that the endoproteolytic cleavage of envelope glycoprotein precursors is also a required step for the acquisition of fusogenic potential and thus of infectious capacity of viral particles [14] . As in the case of viral glycoprotein precursors, the expression of activity of Abbreviations used : SPC, subtilisin-like protoxin prohormone convertase ; VEM, viral glycoprotein maturase ; α1-AP, alpha-1 antitrypsin Pittsburgh variant ; α1-PDX, alpha-1 antitrypsin Portland variant ; serpin, serine proteinase inhibitor ; FCS, fetal calf serum ; TCID, tissue-culture-infective dose ; RT, reverse transcriptase ; X-Gal, 5-bromo-4-chloroindol-3-yl β-D-galactopyranoside ; m.o.i., multiplicity of infection; LTR, long terminal repeat sequence. 1 To whom correspondence should be addressed (e-mail bahraoui!cict.fr).
this capacity differed. It was found that α1-PDX exerts its effect by interfering with the formation of syncytia between J-PDX cells infected with gp160 recombinant vaccinia virus, or after infection by HIV-1 and co-culture with uninfected Molt-4 cells. In contrast, when the same experiments were performed with J-pcDNA3 cells, a large number of syncytia was obtained. Analysis of viral proteins by Western blotting and densitometry showed that the inhibition of the cytopathic effect of HIV-1 and viral replication was correlated with the capacity of α1-PDX to interfere with the maturation of gp160 to gp120 and gp41.
Key words : endoprotease, gp160 processing, serine endoprotease inhibitor.
some bacterial toxins requires maturation by an endoprotease belonging to the family of subtilisin-like protoxin prohormone convertases (SPCs) [15] . This family of SPCs, which shares some structural and functional properties with the yeast endoprotease Kex2p has seven members known at the present time : furin (also known as PACE), PC1 (also known as PC3), PC2, PC4, PACE4, PC5A and B (also known as PC6) and PC7 (also named PC8 or LPC) [16] . The activity of these SPCs is calcium-dependent and results in the cleavage of precursor proteins at the C-terminus of the consensus sequence Lys\Arg-Xaa-Lys\Arg-Arg [17] . For HIV-envelope glycoprotein precursors, this maturation occurs within the constitutive secretory pathway where SPCs such as furin, PC5-B and PC7 are localized [18] [19] [20] . On the other hand, PC1, PC2 and in some cases PC5A exert their maximal activity in acidic compartments such as in immature secretory granules within the regulated pathway [18, 21] . Among the proprotein convertases, furin has been characterized extensively. Localization studies using Northern-blot, immunocytochemical and in situ hybridization analyses in a large variety of tissues and cell lines revealed that furin is expressed ubiquitously, albeit at different levels, depending on the cell type [22] . Thus it has been found primarily in the trans-Golgi membrane [23] , but has also been detected on the surface of cells [19] and in the extracellular compartment [24] . Previous studies have shown the capacity of furin to correctly cleave HIV-1 gp160 [25, 26] and other proproteins [15, 27] . However, the fact that gp160 maturation can be obtained in LoVo and CHO-RPE40 cells which are deficient in furin activity [28, 29] supports the hypothesis that other cellular endoprotease(s) could participate in the maturation of HIV-1 viral glycoproteins [25, [30] [31] [32] [33] . In addition, our group has shown previously that the HIV-1 gp160 precursor is processed at the same Arg-Glu-Lys-Arg site by Kex2p [34] , a yeast serine protease belonging to the family of the subtilisin-like endoproteases differing from furin by the fact that a basic amino acid in position P4 is not required [17] . We have also shown that the lymphocyte endoprotease responsible for gp160 maturation seems to be calcium-dependent [35] . However, Kido et al. [36] purified an endoprotease from Molt-4 cells, named viral glycoprotein maturase (VEM), that does not belong to the family of subtilisinlike endoproteases, is calcium-independent and correctly matures HIV-1 gp160 in itro. It is notable that no direct evidence is yet available for the ability of VEM to process this precursor ex i o. Biological activation of many circulating plasma-protein precursors is physiologically regulated by specific protease inhibitors which account for up to 10 % of plasma proteins [37] . They control a variety of critical events associated with connectivetissue turnover, coagulation, fibrinolysis and inflammatory reactions. In addition, at least one of the inhibitors, alpha-2 macroglobulin, plays an important secondary role in backing up the primary function of the other inhibitors [37] . Many plasma inhibitors are reported to be congenitally deficient in specific individuals. When this occurs, there is an associated development of specific disease, as in the case of alpha-1 antitrypsin. The function of alpha-1 antitrypsin is known because its genetic deficiency leads to the development of severe bleeding disorders and pulmonary emphysema [38] . In fact, alpha-1 antitrypsin, a 53-kDa glycoprotein, is the natural and physiological inhibitor of neutrophil elastase [37] . After a natural mutation of Met$&) to Arg at the active site, the mutant produced, named alpha-1 antitrypsin Pittsburgh variant (α1-AP), lost the ability to inhibit elastase and became a powerful inhibitor of thrombin [39] . This observation opened the way to engineering mutations of the active site. Considering the importance of arginine residues in positions P1 and P4 in substrates recognized by furin and other SPCs in general, Anderson et al. [40] introduced a second mutation at position 356 of α1-AP by site-directed mutagenesis. The Ala$&' Arg α1-AP mutant, known as alpha-1 antitrypsin Portland variant (α1-PDX), creates an SPC-recognition site with high affinity for furin and PC5 [15, 20, 30, 32, 40] as well as significant affinity for PC7 ; in addition, it inhibits these activities in itro and ex i o [20, 30, 32] . Interest in controlling the activation by SPCs of several pathogenic agents has led to the development of peptides mimicking the consensus sequence recognized by SPCs [25] [26] [27] or proteins that can specifically block these endoproteases. Protein inhibitors include several natural and bioengineered serine proteinase inhibitors (serpins). A representative native serpin is PI8 [41] , a protein whose reactive site contains two furin consensus sites, Arg-Asn-Ser-Arg$$* and Arg$$*-Cys-Ser-Arg$%#. Even though this cytosolic inhibitor is not expected to meet the furin inside the cell, it exhibits a potent inhibitory activity towards this convertase. In addition to this native serpin and α1-PDX, using site-directed mutagenesis two other engineered inhibitors of furin-like enzymes have been reported : (i) α2-macroglobulin mutant, Gly-Phe-Tyr-Glu$)' to Arg-Ser-Lys-Arg$)' [42] , and (ii) the turkey ovomucoid thirddomain mutant, Ala-Cys-Thr-Leu") to Arg-Cys-Lys-Arg") [43] , the reactive-site loop of which contains the minimum furinrecognition sequence Arg-Xaa-Xaa-Arg [12] .
We conducted the present study to evaluate the extent of the implication of the SPC-related endoproteases during HIV-1 infection using the α1-PDX serpin variant. This was tested on a recently developed CD4-positive Jurkat cell line stably expressing α1-PDX in which it was shown clearly that this inhibitor effectively blocks intracellular Notch I-receptor processing by furin-like enzymes [44] . We report here that the α1-PDX serpin variant significantly impaired HIV-1 infection, since the viral replication was reduced and delayed as a consequence of inhibition of gp160 precursor processing. We suggest that proteases sensitive to α1-PDX, presumably furin and\or related proteases, are implicated in this process.
MATERIALS AND METHODS

Cells
Jurkat cells stably transfected with full-length α1-PDX cDNA cloned into the pcDNA3 vector (Invitrogen ; named J-PDX) or with the empty pcDNA3 vector (named J-pcDNA3) were established as described previously [44] . Lymphoid cell lines, including Jurkat and Molt-4 cells, were cultured at 37 mC under 5 % CO # in RPMI 1640 medium (Eurobio, Les Ulis, France) supplemented with 10 % heat-inactivated fetal calf serum (FCS) (ATGC, Orleans, France), 2 mM glutamine and antibiotics (100 units\ml penicillin and 100 µg\ml streptomycin). For J-pcDNA3 and J-PDX cells, 0.26 mg\ml neomycin was added to the culture medium. HeLa cells, a gift from Dr P. Charneau (Pasteur Institute, Paris, France), are stably transfected with the bacterial lacZ gene under the control of HIV-1 LTR (long terminal repeat sequence), and with human CD4 (HeLaCD4-LTR\β-gal). HeLaCD4-LTR\β-gal cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10 % FCS, 2 mM glutamine, 100 units\ml penicillin, 100 µg\ml streptomycin and 1 mg\ml neomycin.
Viruses
Wild type HIV-1 Lai was obtained from Diagnostic Pasteur (Marnes La-Coquette, France) as a supernatant from infected cells of the lymphocytic CEM cell line containing 10& tissueculture-infective doses (TCID)\ml. For titration of HIV-1, 10& CEM cells were cultured in 200 µl of RPMI 1640 medium in wells of flat-bottomed 96-well tissue-culture plates. Serial 1\10 dilutions (10 µl) of HIV-1 initial stock were added to six replicates. After 6 days, the CEM culture supernatants were screened for the presence of reverse transcriptase (RT) activity as described below. The infectivity titre of the HIV-1 stock (TCID &! ) was expressed as the viral dose required to infect 50 % of the six replicate samples. TCID &! was calculated according to the procedure of Reed and Muench (reviewed in [45] ). The vaccinia virus expression vector recombinant for HIV-1 Lai gp160 (VV.TG.9-1, VV-gp160) was a gift from Transgene (Strasbourg, France).
HIV-1 infection
J-PDX and J-pcDNA3 cells (10') were incubated with a titrated HIV-1 viral stock diluted to 1\100 and 1\1000 for 1 h at 37 mC. After washing and eliminating unbound viral particles, cells were cultured for 3 weeks in 24-well plates at 37 mC in 1 ml of RPMI medium supplemented with 10 % FCS, glutamine and antibiotics. Every 3 days, half of the supernatant was changed and aliquots were tested for subsequent determination of viral production using RT assay.
RT assay
The RT-activity microassay involves the direct measurement of RT activity in 50 µl of HIV-1-infected cell-culture supernatants. The procedure and the buffers were the same as those described by Schwartz et al. [46] . Briefly, 10 µl of solution A (0.5 M KCl\50 mM dithiothreitol\0.5 % Triton X-100), 40 µl of buffer Effect of alpha-1 antitrypsin Portland variant on HIV-1 replication
, 10 µl of poly(rA)-poly(dT) at 5 absorbance units\ml and 16 µl of water were added to the culture supernatants in the wells. After 1 h at 37 mC, the reaction was stopped by adding 20 µl of 12 mM Na % P # O ( in 60 % trichloroacetic acid. After 15 min at 4 mC, precipitates were filtered on skatron filters and radioactivity was determined by liquid scintillation spectrometry. Assays were carried out in triplicate in two independent experiments.
Transactivation assay
HeLaCD4-LTR\β-gal cells were used to quantify the amount of infectious viruses produced by Jurkat cells in the presence of α1-PDX (J-PDX) or in its absence (J-pcDNA3). By monitoring over a single viral replication cycle (20 h), this assay enabled us to determine the ability of Tat produced to activate the expression of the lacZ gene. In this assay, cell supernatants of equal RT activity (50 µl) from J-PDX-and J-pcDNA3-infected cells were added to 2i10% HeLaCD4-LTR\β-gal cells in 96-well plates, and incubated for 1 h at 37 mC. Unbound virus was removed by washing and the cells were cultivated in Dulbecco's modified Eagle's medium containing 10 % FCS, glutamine and antibiotics. Cells were then washed twice with PBS (0.5 mM MgCl # \1 mM CaCl # ), fixed with 0.5 % glutaraldehyde for 10 min, and washed twice with the same buffer. The cells were then incubated for 3 h in a reaction mixture containing 1 mg\ml β-galactosidase substrate (X-Gal, 5-bromo-4-chloroindol-3-yl β--galactopyranoside) in PBS containing 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 2 mM MgCl # . X-Gal had been dissolved previously in DMSO at 40 mg\ml. The enzymic reaction was stopped by removing the X-Gal reaction mixture. Stained cells corresponding to infected cells were counted microscopically.
Syncytium formation
Syncytium formation was assayed according to the following protocols. (i) J-pcDNA3 or J-PDX cells (10') were infected with VV-gp160 (VV.TG.9-1) at a multiplicity of infection (m.o.i.) of 20 plaque-forming units\ml. After 1 h of incubation at 37 mC, unbound virus was eliminated by washing and the cells were cultured at 37 mC. After 24 h, multinucleated cells were observed.
(ii) J-pcDNA3 or J-PDX cells (10') were infected with 50 µl of HIV-1 Lai viral stock as described above. After 3 days, 2i10% J-pcDNA3 or J-PDX cells were co-cultured with 8i10% CD4-positive uninfected Molt-4 cells at 37 mC. After 18 h, syncytia were observed microscopically.
RT-PCR
RT-PCR was performed to amplify the HIV-1 gp160 sequence in the vicinity of the maturation site that contains nucleotides j7271 to j7902. Briefly, HIV-1 RNA was extracted from equal volumes of cell-free supernatants collected from infected J-pcDNA3 and J-PDX cells by using the Qiamp viral RNA Mini kit (Qiagen). The cDNA-synthesis reaction primed by random hexamers was performed using the First-Strand cDNA synthesis kit (Pharmacia Biotech). Then, cDNA was assayed by PCR with 100 ng of a sense primer (5h-GCA-CCC-ACC-AAG-GCA-AAG-AGA-3h) and 100 ng of an antisense primer (5h-GGT-GAA-TAT-CCC-TGC-CTA-ACT-3h). PCR was performed for 35 cycles at 94, 60 and 72 mC for 1 min at each temperature. The products were resolved on a 1 % agarose gel, stained with ethidium bromide, and visualized on a UV transilluminator. The positive control was HIV-1 Lai gp160 cDNA ligated into the pcDNA3 vector and cDNA obtained from the HIV-1 stock used for the initial experiments. Total RNAs obtained after triZol extraction from uninfected J-PDX or J-pcDNA3 cells were used as negative control. In addition, water was used instead of RNA or cDNA to determine whether cross-contamination was likely to occur. The sequencing of the gp160 portion around the cleavage site of the viruses obtained from J-PDX and J-pcDNA3 cells was performed by ligating amplified cDNA into the PCR 2.1 vector according to the TA cloning method (Invitrogen). Nucleotide sequences were determined using an automated sequencer.
Analysis of gp160 maturation
Intracellular HIV-1 gp160 processing was analysed at various times in Jurkat cells infected with gp160 recombinant vaccinia virus or after infection with HIV-1 Lai .
Analysis of overexpressed gp160 maturation
For this purpose, 10( J-pcDNA3 and J-PDX cells were infected with recombinant VV-gp160 (VV.TG.9-1) at an m.o.i. of 20 pfu\cell. After 1 h, cells were harvested by low-speed centrifugation and resuspended in 1 ml of fresh culture medium. Infected cells were then incubated at 37 mC in a humidified CO # atmosphere. After centrifugation, supernatants were collected and stored at k20 mC until they were assayed. The cells in the pellet were lysed in 200 µl of lysis buffer (50 mM Tris\HCl, pH 7.4\0.15 M NaCl\1 % Triton X-100\10 mM EDTA\2 mM PMSF) for 15 min at 4 mC and centrifuged at 16 000 g. Supernatants were heated for 5 min at 100 mC in 4iLaemmli buffer (0.5 M Tris\HCl, pH 6.8\10 % glycerol\2 % SDS\5 % mercaptoethanol\0.05 % Bromphenol Blue). Proteins were then separated on 8 % acrylamide by SDS\PAGE. The fractionated proteins were transblotted on to a nitrocellulose membrane. The membranes were then saturated with PBS containing 5 % nonfat milk for 1 h at room temperature. After washing, the membranes were incubated for 3 h with a 1\500 dilution of human serum from a seropositive patient. After further washing, membranes were incubated for 1 h with peroxidase-coupled rabbit anti-human antibodies (Dako, Trappes, France). After washing, the peroxidase substrate diaminobenzidine was added. The analysis of gp120 secreted in cell supernatants was investigated by immunoprecipitation using Protein A-Sepharose. Briefly, 500 µl of cell supernatant were incubated with the HIV-1-positive serum diluted to 1\500 and Protein A-Sepharose overnight at 4 mC with shaking. After washing to eliminate unbound proteins, Protein A-anti-gp120-gp120 complexes were analysed by SDS\PAGE and Western blotting as described above.
Analysis of the maturation of gp160 in HIV-1-infected J-PDX and J-pcDNA3 cells Cells (10() were infected with 50 µl of the HIV-1 stock diluted to 1\10. On the 13th day post-infection, cells were centrifuged and the pellet lysate and cell-free supernatants were analysed for gp160 processing by Western blotting as described above.
RESULTS
The maturation of envelope glycoprotein gp160 to gp120 and gp41 of HIV-1 virus by cellular endoprotease(s) is a required step in the viral cycle ; if this step is blocked, the resulting virus is no . Virus and cells were incubated for 1 h at 37 mC. After washing and centrifugation to eliminate unbound virus, the cells were resuspended in 1 ml of RPMI medium containing 10 % FCS and cultured for 20 days. Every 3 days, half the cell supernatant was collected and assayed for RT activity. As controls, noninfected cells treated in the same conditions gave an RT activity value of 450p50 c.p.m. The results are the meanspS.D. of three assays in two independent experiments. longer infectious [47] . Hence the importance of the development of specific inhibitors of the endoprotease(s) implicated in this maturation. The cell model used to study this step was the CD4-positive Jurkat cell line stably transfected with J-PDX. Controls involved the same Jurkat cell line transfected in the same conditions but with J-pcDNA3. In the initial characterization of J-PDX and J-pcDNA3 cell lines, flow cytometry was used to show that they expressed the same levels of membrane CD4, and the Western-blot assays showed that α1-PDX was expressed by J-PDX cells (results not shown).
We then analysed viral replication in J-pcDNA3 and J-PDX cells. For this purpose, the cells were infected in the same conditions by HIV-1 Lai viral stock at dilutions of 1\100 and 1\1000. Infection was monitored for 3 weeks by sampling cell supernatants at 3-day intervals and determining viral production by assaying RT activity and testing infectious power directly. The results showed that there was a clear-cut difference in viral replication between J-PDX and J-pcDNA3 cells, shown by a peak of RT activity that was 5-6-fold lower in the presence of the α1-PDX protein (Figure 1) . The second visible effect of α1-PDX was the difference in replication kinetics, as shown by a delay in
Figure 2 Comparison of HIV-1 infectivity produced in the presence (J-PDX) or absence (J-pcDNA3) of α1-PDX
(A) HeLaCD4-LTR/β-gal cells were infected for one viral cycle (20 h) with equal RT activity in infected cell supernatants collected at the peak of RT activity as described in the Materials and methods section. Cell infection and viral replication were correlated directly with the transactivation of the lacZ gene by the early translated HIV Tat gene. β-Galactosidase activity was visualized by incubating cells with the substrate X-Gal which stained cells blue after being degraded. (B) The same amount of HIV-1 virus (equal RT) produced at the peak of RT activity was used to infect naive Jurkat cells for 3 weeks under the same conditions as described in Figure 1 . Viral replication was assessed by monitoring RT activity in cell supernatants collected at 3-day intervals. The results are the meanspS.D. of three assays in two independent experiments. Black bar and $, J-pcDNA3 ; white bar and #, J-PDX.
the appearance of the peak of RT activity. Of note is that the peak of RT activity with the virus diluted to 1\1000 (1 30 000 c.p.m.) was greater than that obtained with a 1\100 dilution (1 00 000 c.p.m. ; Figure 1 ). This apparent discrepancy could be due to the greater cytotoxic effects of the virus at the higher m.o.i., which could lead to rapid killing of HIV-1-infected replicating cells.
It was then asked if the virus produced in J-PDX cells had the same infectious power as that produced in J-pcDNA3 cells. Equivalent virus doses (equal RT activity) of HIV-1 produced in the presence of α1-PDX (J-PDX) or in its absence (J-pcDNA3) were used to infect HeLaCD4-LTR\β-gal cells expressing human CD4 and stably transfected with a plasmid containing the lacZ gene under the control of the LTR promoter of HIV-1. Viral replication was analysed over a single viral cycle, i.e. 20 h after infection. The results (Figure 2A) showed that the HIV-1 produced in the presence of α1-PDX was nearly 5-fold less infectious. This decreased infectious power of HIV-1 produced in Effect of alpha-1 antitrypsin Portland variant on HIV-1 replication J-PDX cells was characterized further during multiple viral cycles by infecting naive Jurkat cells for 3 weeks with equal viral doses collected in the presence or absence of α1-PDX by using the same protocol as in Figure 1 . Again, the infection with the HIV-1 collected from J-PDX cells led to 4-fold lower RT activity ( Figure 2B ). The data in both assays are strongly consistent and reflect a clear defect in HIV-1 infectivity in the presence of α1-PDX serpin.
The α1-PDX protein may interfere with viral replication by blocking the maturation of HIV-1 gp160 by furin-like endoproteases. If this is the case, the virions produced should be incapable of penetrating the host cells since fusion between the viral envelope and the cell membrane is blocked. We assessed this possible mechanism by two experiments. In the first, J-PDX and J-pcDNA3 cells were infected with the same dose of envelope glycoprotein precursor (gp160)-recombinant vaccinia virus. After 24 h of infection, cells were observed microscopically. A large number of syncytia was observed in J-pcDNA3 cells ( Figure 3A) as compared with J-PDX cells, which aggregated without leading to syncytia formation ( Figure 3B ). In the second experiment, J-PDX and J-pcDNA3 cells were initially infected with HIV-1 Lai viral stock for 3 days and then co-cultured with 4-fold of Molt-4 cells. After 20 h of co-culture, large syncytia were observed with J-pcDNA3 ( Figure 3C ). In contrast, this phenomenon was attenuated in J-PDX cells, although several smaller and less numerous syncytia were observed ( Figure 3E) . No multinucleated cells were observed in the uninfected Molt-4 ( Figure 3D ) and J-pcDNA3 cells ( Figure 3F) .
To exclude the possibility that the inhibition of HIV-1 replication and syncytium formation in J-PDX cells were due to genetic alterations in the HIV-1 cleavage site (KAKRRVVQREKR ; where underlining indicates potential cleavage sites) in the presence of α1-PDX serpin, we performed its sequencing from both infected J-PDX and J-pcDNA3 cells. No mutations were detected in the cleavage site, which lead us to suggest that α1-PDX interferes with gp120\gp41-dependent membrane fusion through the inhibition of gp160 maturation and allowed us to analyse the rate of gp160 processing in the presence and absence of α1-PDX.
This was addressed by infecting J-PDX and J-pcDNA3 cells with gp160 recombinant vaccinia virus (VV-gp160, VV.TG.9-1) for 24 and 48 h. Processing of gp160 was analysed in cell lysates and in supernatants of infected cells. Following SDS\PAGE and electrotransferral, gp160-related proteins were detected with human anti-HIV-1 antibodies from a seropositive patient. The overexpression experiments showed no difference in the rate of gp160 production between J-pcDNA3 and J-PDX cells, indicating that the α1-PDX protein did not impair VV-gp160 expression, whereas the densitometric measurements showed that the uncleaved gp160\secreted gp120 ratio was 3-fold higher at 24 h (Figures 4A and 4B ; lanes 3 versus 4) and 2.5-fold higher at 48 h (Figures 4A and 4B ; lanes 6 versus 7) in J-PDX cells than in J-pcDNA3 cells (Table 1 ). These data indicate that protease(s) sensitive to the α1-PDX inhibition play the major role in the Table 1 The cleavage ratio (uncleaved gp160/secreted gp120) in VV-gp160-infected J-PDX and J-pcDNA3 cells in Figure 4 MeanspS.D. are shown.
Ratio
Time post-infection 24 h 48 h gp160 J-PDX /gp120 J-PDX 6p0.5 2.5p0.2 gp160 J-pcDNA3 /gp120 J-pcDNA3 2.1p0.4 1.2p0.1
Figure 5 Effect of α1-PDX on gp160 processing after HIV-1 infection
J-pcDNA3 and J-PDX cells ( 10 7 ) were infected with 50 µl of HIV-1 viral stock. After the 13th day post-infection (peak of RT activity), cells and supernatants were analysed by Western blotting using human HIV-1 seropositive serum. Lanes 1 and 4, immunoprecipitated gp120 from HIV-1-infected J-pcDNA3 and J-PDX cell supernatants, respectively. Lanes 2 and 3, equal amounts of viral proteins, as assessed by p24 measurement, in cell lysates from infected J-pcDNA3 and J-PDX cells, respectively. gp160 maturation process. Therefore, our results showed a direct correlation between gp160 processing inhibition and the absence of syncytium induction in VV-gp160-infected J-PDX cells.
To test that the inhibition of HIV-1 replication was correlated specifically with the inhibition of gp160 processing as suggested by the overexpression experiments, we analysed the extent of gp160 processing in HIV-1-infected cells. For this purpose, HIV-1-infected J-PDX and J-pcDNA3 cell lysates with equal amounts of viral protein, obtained with equal amounts of p24 antigen, were analysed for gp160-related products. Only the extent of gp160 processing was altered in HIV-1-infected J-PDX cells. The uncleaved gp160\secreted gp120 ratio was 5-fold higher in J-PDX cells than in J-pcDNA3 cells ( Figure 5, lanes 3 and 4  versus 1 and 2) . Indeed, gp120 secretion was 4-fold lower in J-PDX cells ( Figure 5 , lane 4) compared with J-pcDNA3 cells ( Figure 5, lane 1) . Also, cellular membrane-bound gp120 was reduced in J-PDX cells and coincided with a greater accumulation of uncleaved gp160 ( Figure 5, lane 3) . These data indicated again that the effect of α1-PDX protein was significantly correlated with a significant defect in gp160 processing but not to inhibition of HIV-1 protein expression. Such a defect can explain further the lower ability of the virus to replicate in J-PDX cells. In these experiments, we were unable to quantify cellular membranebound gp41 envelope-cleavage product since it has been thought to co-migrate with HIV-1 41-kDa gag-encoded protein intermediate [47] . This could provide an explanation for our observation that the reduction in gp41 expression was much less than that of gp120 in HIV-1-infected J-PDX cells. Conversely, when gp160 was expressed alone in the overexpression experiments, such an observation was not made, thus supporting our explanation (Figure 4) . Our findings therefore demonstrate a functional relationship between α1-PDX inhibition of gp160 processing and the reduction of both viral replication and cytopathogenicity.
DISCUSSION
The viral-envelope glycoprotein of several viruses is synthesized in the form of a precursor that requires maturation by a cellular endoprotease(s) in order to yield infectious viruses. In the case of HIV-1, any block in this maturation step yields viruses that are not infectious [47] . This explains the importance of developing specific inhibitors that can control endoprotease activities in cases of a genetic deficit or following infection by pathogenic agents (bacteria or viruses). In this context, Hallenberger et al. [26] tested peptide inhibitors mimicking the cleavage site recognized by SPC to block the maturation of HIV-1 gp160 by overexpressed furin and endogenous cellular endoprotease(s). These experiments were carried out with peptides in a cell system of co-infection with gp160-recombinant (VV-gp160) and furinrecombinant (VV-furin) vaccinia virus and upon HIV-1 infection of a CD4-positive cell line. Penetration of peptides into cells is facilitated by the presence of a decanoyl (dec) group at the Nterminal extremity, and irreversible inhibition is mediated by the addition of a chloromethylketone (cmk) group that enables a covalent bond to be formed between the substrate and the active site of the enzyme. The use of dec-Arg-Glu-Lys-Arg-cmk and dec-Arg-Ala-Lys-Arg-cmk peptides in these experiments showed that the inhibition of intracellular gp160 maturation and of viral replication were of the order of 60-70 % [26] . Similar results have been reported by others using analogues of these peptides [25] . However, the major limitation of chloromethylketone peptides as SPC inhibitors is related to their cytotoxic effects by interference with the biosynthesis of many important cellular proteins when used at active concentrations [40] [41] [42] [43] . In this framework, we decided to assess the capacity of α1-PDX, a bioengineered variant, to interfere with HIV-1 replication. We determined the capacity of α1-PDX to inhibit directly the viral replication of HIV-1, maturation of the envelope glycoprotein precursor and induction of the cytopathic effects. The experimental procedure involved the use of CD4-positive Jurkat cells stably transfected with a plasmid containing the α1-PDX cDNA. The same cells transfected with the same plasmid but without the gene of interest were used as controls. The results describe clearly the inhibitory effect of α1-PDX on viral replication in terms of both kinetics and viral load. Indeed, α1-PDX was able to inhibit HIV-1 replication and to delay it. It was expected that some viral production persists in J-PDX cells, since the assembly and budding of viral particles can occur with immature precursors, as reported by McCune et al. [48] . These authors showed that when the gp160 cleavage site was mutated to a site specific for chymotrypsin, non-infectious viral particles were produced whose electron-microscopic morphology was similar to and indistinguishable from that of wild-type particles. However, the produced viruses became infectious only after chymotrypsin was added to the medium [48] . We then asked whether HIV-1 produced in J-PDX cells had the same infectious capacity as the virus from J-pcDNA3 cells, and found that the viral infectivity was impaired in the presence of α1-PDX protein expression.
To determine the level at which α1-PDX acted on viral replication, Jurkat cells that did or did not express α1-PDX and were infected previously with gp160-recombinant vaccinia virus or with HIV-1 and co-cultured with uninfected Molt-4 lymphocytes, were tested for their capacity to form syncytia. In VVgp160 infection, only cells infected in the absence of α1-PDX formed syncytia. In contrast, when J-pcDNA3 or J-PDX cells were infected with HIV-1 and co-cultured with Molt-4, large syncytia were observed in J-pcDNA3 cells compared with J-PDX cells, which exhibited a much weaker capacity for syncytium induction. These structures result from membrane fusion, the mechanism by which HIV penetrates the cytoplasm of host cells and which occurs only if there is maturation of gp160. In fact, comparison of the gp160\gp120 ratio in VV-gp160-and HIV-1-infected J-pcDNA3 and J-PDX cells showed clearly a significant defect in gp160 processing while no alteration was observed in the expression level of the total viral proteins.
It is evident from the gp160-expression experiments that processing enzymes are not completely inhibited in the presence of α1-PDX serpin. The α1-PDX protein has been reported to exert its inhibitory activity in the trans-Golgi network, hence raising the possibility that gp160 maturation might have occured after exit from the trans-Golgi network in J-PDX cells. Recent studies support this hypothesis : (i) gp160-processing activity was detected in trans-Golgi-network-derived vesicles [49] and (ii) Kido and co-workers reported that gp160 processing could occur by a Ca# + -independent enzyme VEM [36] and\or extracellularly by plasmin [50] . On the other hand, the lack of syncytium induction in J-PDX cells could be due to the much lower rate of gp120 production and\or to the formation of hetero-oligomers between uncleaved gp160 and gp120 on the cell surface and on the HIV-1 envelope. As a consequence, these hetero-oligomers may be less functional in inducing fusion and virus penetration in target cells.
It has been shown recently that α1-PDX inhibits the maturation of the precursors pro7B2 and POMC (prepro-opiomelanocortin) by different convertases in the constitutive secretory route [30] . The enzymic mechanism of this inhibition was investigated recently. Jean et al. [15] demonstrated the selectivity of α1-PDX to furin and PC5A. The in itro interaction between bacterially produced α1-PDX and furin resulted in a stable complex as judged by its resistance to temperature and SDS denaturation. Under these conditions in itro α1-PDX seems to act as a suicide substrate. Both in itro and ex i o experiments demonstrated that upon overexpression of α1-PDX in cell lines this cellularly produced serpin can inhibit the processing activity of furin, PC5, PACE4 and PC7 [30, 32] . Indeed, in our hands the in itro inhibitory IC &! value of α1-PDX overproduced in mammalian cells is only 3-fold for PC7 versus furin (N. G. Seidah and J. S. Munzer, unpublished work). Therefore, overexpression of this serpin in Jurkat cells, although more specific for furin and PC5A, can still inhibit considerably the activity of endogenous PC7. Since both furin and PC7 could play a role in the processing of gp160 [31, 33] , the overproduced serpin would have the combined effect of interfering with the membrane-bound SPCs that are found within the constitutive secretory pathway [16] . Therefore, the data of the present work suggest that furin-like protease(s) are implicated predominantly in the HIV-1 gp160-processing mechanism, and are in accordance with the previous reports that have localized furin and PC7 in the CD4j lymphocyte.
As a result of the specificity of α1-PDX as a suicide substrate for prohormone convertases and its inhibitory effect on HIV-1 replication by interfering with envelope precursor processing and thus with membrane fusion and viral infectivity, α1-PDX could have potential therapeutic applications, principally in the control of SPC-dependent viral and bacterial infections.
